The [URE3] phenotype in Saccharomyces cerevisiae propagates by a prion mechanism, involving the aggregation of the normally soluble and highly helical protein Ure2. Previous data have shown that the protein spontaneously forms in vitro long, straight, insoluble fibrils at neutral pH that are similar to amyloids in that they bind Congo red and show green-yellow birefringence and have an increased resistance to proteolysis. These fibrils are not amyloids as they are are devoid of a cross-beta core. Here we further document the mechanism of assembly of Ure2p into fibrils. The critical concentration for Ure2p assembly is measured and the minimal size of the nuclei that are the precursors of Ure2p fibrils determined. Our data indicate that the assembly process is irreversible with as a consequence a very low critical concentration. By analyzing the elongation rates of preformed fibrils and combining the results with single-fiber imaging experiments of a variant Ure2p labeled by fluorescent dyes, we reveal the polarity of the fibrils and differences in the elongation rates at their ends. These results bring novel insight in the process of Ure2p assembly into fibrils and the mechanism of propagation of yeast prions.
Introduction
Creutzfeldt-Jacob disease, bovine spongiform encephalopathy and sheep scrapie are tansmissible spongiform encephalopathies. They are believed to be caused by a constitutive protein called prion protein (PrP) in an altered conformation (1) . This rare form of the protein is thought to convert the normal form to the infectious conformation in a catalytic manner (reviewed in 2). The molecular events at the origin of propagation are not yet elucidated. In the lower eukaryotes Saccharomyces cerevisiae and Podospora anserina prion proteins have been identified taking advantage of traits they confer (3) (4) (5) (6) (7) . These proteins are harmless for humans and constitute valuable model systems to characterize prion propagation.
The [URE3] phenotype in Saccharomyces cerevisiae is caused by a disorder in a signal transduction cascade that regulates nitrogen catabolism (8) . Yeast cells exhibiting the [URE3] phenotype have the ability to take up ureidosuccinate, the structural analogue of allantoate, a poor nitrogen source in the presence of a good nitrogen source such as ammonium ions. This is believed to be due to the loss of the function of the protein determinant of [URE3], Ure2p, which function is unknown although reported to be involved in yeast heavy metal and strong oxydant detoxification (9) . Importantly, Ure2p
[URE3] promotes the conversion of the newly synthesized active Ure2p into an inactive form. Thus, the Ure2p [URE3] state is heritable, independent of any nucleic acid (10) .
Native soluble Ure2p assembles in vitro into fibrils that exhibit the characteristics of amyloids in that they are about 20 nm wide and over 1 µm long, bind thioflavin-T and
Congo Red, show yellow-green birefringence in polarized light upon Congo Red binding and exhibit an increased resistance to proteolysis (11) (12) (13) . The assembly by guest on http://www.jbc.org/ Downloaded from reaction follows a nucleation-growth mechanism with a lag phase that can be eliminated by addition of minute amounts of pre-formed fibrils to a solution of native soluble Ure2p (11) . The assembly reaction of native full-length Ure2p into fibrils under physiologically relevant conditions is believed to be at the origin of the [URE3] phenotype in the yeast. Finally, the seeding property of preformed fibrils is believed to be at the origin of prion propagation in vivo (14) .
We showed recently that hydrated fibrils formed from Ure2p at neutral pH are made of native-like, functional units (15) . Thus, Ure2p assembly into protein fibrils appears reminiscent of the assembly of biological polymers such as actin filaments and microtubules. Native-like Ure2p fibrils, although not built on the cross b framework of amyloids (15) (16) , differ significantly from cytoskeletal polymers in that they persist in the presence of high denaturant (GdnHCl) concentrations. This strongly suggests that the fibrillar scaffold is stabilized by a large number of hydrogen bonds and/or hydrophobic interactions.
The structure of a protein is at the origin of its ability to assemble. It determines the nature of the polymers formed in the absence of any additional genetic information.
It is the selection of a state of minimum free energy among many other states of higher free energy that is believed to allow a protein to assemble into macromolecular structures such as fibrils (17 
Experimental Procedures

Construction of Ure2pC353 variant expression vector in E. coli
The Ure2pC353 variant expression vector was obtained by site directed mutagenesis by replacing the GGT codon encoding glycine residue at position 353 by a TGT codon encoding a cysteine. This mutation was achieved in pET-URE2 expression (12) vector using the QuickChange TM site-directed mutagenesis kit ( S t r a t a g e n e ) a n d t h e p r i m e r s 5 ' -
Purification of Ure2p and Ure2pC353 variant
Full length Ure2p and Ure2pC353 were overexpressed in Escherichia coli as soluble proteins and purified as previously described (11) (12) . Protein concentrations were determined spectrophotometrically (HP 8453 diode array spectrophotometer, Hewlett-Packard) using an extinction coefficient of 0.67 mg.cm 2 at 280 nm and a molecular weight of 40 200. The proteins were stored at -80°C in buffer A (20 mM Tris pH 7.5, 250 mM KCl, 1mM DTT, 1 mM EGTA) at a concentration of 10 mg/ml.
Assembly of Ure2p into fibrils
The assembly of Ure2p into fibrils and the elongation reaction of preformed fibrils were carried out in buffer A and monitored using thioflavin-T binding as described 
Sedimentation assay
Soluble Ure2p at various concentrations (2-100µM) in buffer A was assembled into fibrils at 10°C and the assembly reaction followed using the thioflavin-T binding assay. At steady state, aliquots (75µl) were removed from each solution and subjected to ultracentrifugation (300,000 x g at 10°C for 30 min) in a TL100 tabletop
Beckman Ultracentrifuge. The amount of soluble Ure2p in the supernatant was determined by the Bradford assay (19) .
Labeling of Ure2pC353
Ure2pC353 was desalted using a NAP-5 column the assembly process that is temperature-dependent (11), and avoid optical problems due to water condensation during image acquisition, the assembly of fluorescently labeled Ure2p was performed at room temperature.
Additional methods
Standard SDS-polyacrylamide gel electrophoresis were performed in 10% gels following the method described by Laemmli (21) . Sedimentation velocity experiments were carried out as described (11) . Measurements were made at 40.000 rpm and 18°C. Data were analyzed to provide the apparent distribution of sedimentation coefficients using the softwares SVEDBERG (22) and DC/DT (23) .
Results
Critical concentration of Ure2p assembly
Ure2p assembles under physiologically relevant conditions in a concentration dependent manner into protein fibrils with a specific structure (11) 
Size of Ure2p nuclei
The lag time that precedes Ure2p assembly into fibrils is highly dependent on the concentrations of Ure2p. Typically, the lag phase decreased from 40 to 11h upon increasing Ure2p concentration from 25 to 125µM ( Figure 2A ). Short oligomers of Ure2p are formed in the nucleation phase that precedes the assembly of Ure2p into fibrils (15) . The nucleus is a stable oligomer that has equal probabilities of lateral or longitudinal interaction with an additional Ure2p molecule (17, 24) . The size of the nucleus is equal to 2m -1, where m is the value of the slope of the log/log plot of the lag time versus the concentration of Ure2p. The value of m is 3.5, thus the nucleation unit is made of 6 Ure2p molecules. This number is in very good agreement with the estimated number of Ure2p monomers (4-6) needed to form the smallest globular particles observed in the early stages of assembly using Atomic
Force Microscopy that are 12-14 nm in diameter (15) .
Polarity of Ure2p fibrils
The measurement of the rate of elongation of freshly prepared preformed Ure2p fibrils in the presence of different concentrations of soluble Ure2p allows the determination of the association rate constant of Ure2p to fibrils ends. This rate is derived from the slope of the J (c) plot (Figure 1 ) and reflects the contribution of both ends to Ure2p fibrils growth. A value of 0.38 µM -1 h -1 was found for the sum of the association rate constants. If the two ends of the fibrils are structurally and functionally identical they will grow at the same rate. In contrast, if they differ, they will grow at different rates. The measurement of the elongation rates of increasing concentrations of freshly prepared Ure2p fibrils (0-8µM) in the presence of constant concentrations of soluble Ure2p (20-40µM) allows a better determination of the growth rates at each end of Ure2p fibrils. The data are presented in Figure 3 . A linear regression fits well the data indicating either that Ure2p fibrils grow at the same rate from both ends or that the growth rate of one of the ends is negligible compared to that of the other end, thus resembling a case where only one of the ends can grow.
Ure2p fibrils grow from both ends and show a polarity
The kinetic approach developed above does not allow us to distinguish between a polar or a non polar elongation of Ure2p fibrils. To further document this issue, we decided to label the protein with fluorescent dyes and examine its assembly by by guest on July 17, 2017
http://www.jbc.org/ Downloaded from fluorescence microscopy. Ure2p contains no cysteine residues. Its C-terminal amino acid is exposed to the solvent (25) . We therefore introduced a reactive cysteine residue into the protein by site directed mutagenesis by replacing glycine 353 by a cysteine residue in order to label it with either Cy3 or Oregon green 488 (OG). Figure 4A shows the Cys353 engineered into the protein to label it by an extrinsic fluorophore. To determine whether this modification influences the oligomeric state of the protein, we carried out sedimentation velocity experiments using soluble Ure2pC353 (1 mg/ml) and analyzed them to yield the apparent distribution of sedimentation coefficients, g*(s). Two species were observed, with sedimentation coefficients of 4.3 S and 6.5 S with proportions of 85 and 15%, respectively. Identical results were found for wild type Ure2p in agreement with previous measurements (11) (12) . We conclude from these findings that Ure2pC353 behaves in solution in a manner indistinguishable from wild type Ure2p. Both proteins exist in a dimeric and tetrameric form under the experimental conditions used in the measurements.
The C-terminal domain of Ure2p extending from amino acid residue 95 to 354 does not interfere with the assembly process of full length Ure2p (12) . However, to make sure that the modification we introduced does not affect the assembly properties of the full-length protein, Ure2pC353 assembly reactions were compared to that of wild type Ure2p. The data are summarized in figure 4 . The assembly kinetics of Ure2pC353 and wild type Ure2p are very similar ( Figure 4B ). In addition, the two kinds of fibrils appear identical in shape and length when examined in the electron microscope ( Figure 4C and D) . The critical concentration of Ure2pC353 assembly into fibrils determined by the sedimentation assay is 0.1µM and 25nM by measurement of the initial growth rate of freshly prepared Ure2pC353 fibrils. Finally, Ure2pC353 nuclei are identical in size to that of wild type Ure2p ( Figure 4E and F).
We conclude from these findings that Ure2pC353 oligomerization and assembly into fibrils is indistinguishable from that of the wild type form of the protein.
To Figure 5C ).
At various times after mixing separated OG-labeled fibrils with Cy3-labeled soluble Ure2pC353, an aliquot was taken and observed using a fluorescence microscope. If the fibrils grow only from one of their ends i.e. unidirectionally, only one end of the green fibrils is expected to incorporate the red protein and therefore to exhibit a red stretch. In contrast, if both ends grow, whether at the same rate or at different rates, both ends of the green fibrils will incorporate the red protein and show red stretches.
The data presented in Figure 5D show that Ure2p fibrils grow preferentially from one of their ends. Cy3-labeled Ure2pC353 fibrils were found also to grow from their two ends when diluted in the presence of soluble OG-labeled Ure2pC353. supported by the absence of any fibrils where the stretches made of newly assembled labeled protein is enclosed between two stretches of preformed labeled fibrils. We conclude from these observations that Ure2p fibrils are made by the polar arrangement of Ure2p molecules into a lattice that elongate preferentially from one end. We further conclude that the overall growth rate of the fibrils determined kinetically is the average of two different elongation rates at the two ends of the fibrils.
Discussion
The finding of b-sheet structure in mixtures containing Ure2p and a synthetic peptide reproducing the N-terminal 65 amino acids of Ure2p (13) must be hydrophobic and/or due to hydrogen bonding as Ure2p assembly into fibrils is an endothermic reaction favored by increasing temperatures (11) .
Although the assembly of Ure2p is irreversible, the two ends of the fibrils have no reason to be structurally identical. In particular, because Ure2p molecules are oriented in the fibrils due to their complexity and to the asymmetrical distribution at the surface of the molecules of the structures involved in intramolecular interactions.
In addition, the apparent critical concentration does not have the physical significance of a thermodynamic equilibrium constant as it results from the combination of the critical concentrations at the two ends of Ure2p fibrils. We therefore set up kinetic measurements to assess the elongation rates of preformed Ure2p fibrils. The rate of elongation of Ure2p fibrils varies linearly with increasing concentrations of soluble Ure2p. This result is compatible either with polar polymers growing from only one or both ends or with non-polar fibrils growing from both ends.
Indeed, although the apparent critical concentration for Ure2p assembly into fibrils is very low it may result from different critical concentrations at each end of the fibrils.
In that case, as modeled in Figure 6 A When growth occurred at both ends, the stretches of newly assembled Ure2p were very often asymmetrical with one of the stretches at one of the ends being much longer than the other. This again reflects the polarity of the lattice of Ure2p fibrils with each fibril having an end that grows rapidly and an end that grows slowly depending on the ability of soluble Ure2p molecules to establish intermolecular interactions with Ure2p molecules at fibrils ends which itself is highly dependent on the geometry of each end.
The ensemble of the data presented here reveal strong similarities between the assembly properties of Ure2p and that of other biological polymers such as the cytoskeletal actin filaments, microtubules and tropomyosin, bacterial flagellins or sickle cell haemoglobin. Indeed, in all cases, the polymerization process involves an energetically unfavorable nucleation step, followed by a more favorable elongation reaction that proceeds exponentially, in a closed system, until equilibrium is reached by guest on July 17, 2017
